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Abstract

Energy harvesting refers to the set of processes by which useful energy is captured from waste,
environmental, or mechanical sources and is converted to a usable form. The discipline of energy
harvesting is a broad topic that includes established methods and materials such as photovoltaics
and thermoelectrics, as well as more recent technologies that convert mechanical energy,
magnetic energy, and waste heat to electricity. This article will review various state-of-the-art
materials and devices for direct energy conversion and in particular will include multistep energy
conversion approaches. The article will highlight the nano-materials science underlying energy
harvesting principles and devices, but also include more traditional bulk processes and devices as
appropriate and synergistic. Emphasis is placed on device-design innovations that lead to higher
efficiency energy harvesting or conversion technologies ranging from the cm/mm scale down to
MEMS/NEMS (micro- and nano-electromechanical systems) devices. Theoretical studies are
reviewed that address transport properties, crystal chemistry, thermodynamic analysis, energy
transfer, system efficiency, and device operation. New developments in experimental methods;
device design and fabrication; nanostructured materials fabrication; materials properties; and
device performance measurement techniques are discussed.
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1. Introduction

Energy harvesting is a very broad topic, whose importance in our world is ever increasing.
The field is rapidly advancing, and the need for renewable energy, energy efficiency, and energy
harvesting is motivating the discovery of new materials and design of new devices. One interesting
point is that there is no uniform definition for energy harvesting. It encompasses fields such as
solar and thermoelectrics which are well known, as well as many others such as mechanical and
electromagnetic harvesting which are less known. There is also the issue of micro vs. macro
energy harvesting. You can say that a solar-thermal power plant is doing energy harvesting, but
that type of macro-scale use of resources is not covered in this article.

What we have tried to accomplish in this work is to capture a snapshot of the technologies
which are emerging as a unified field to capture and reuse energy which traditionally has been
wasted. In particular we have focused on those devices and materials which emphasize the use of
nano-materials, but have felt free to include any research which fits this broad theme. We
specifically have excluded any discussion about the storage and economic issues, which is beyond
the scope of this review.

A problem in setting out to review an expanding field is that any one topic could be an
entire review article on its own. There are of course many fine review articles on thermoelectrics
and solar energy. ' 23 4 In order to focus on energy harvesting as an integrated area of research,
we have used recent symposiums organized by the authors to help give structure and direction to
the topics included here. This review is certainly not inclusive, and we have tried to mention a
variety of work which both gives a flavor of the direction of current research, and which emphasizes
the emerging overlaps between different aspects of energy harvesting. The reference list will be
more extensive than what can be described in the text. The review is divided into the areas of
thermoelectrics, photovoltaics, mechanical harvesting, magnetic harvesting, multimode harvesting
techniques, modeling of energy harvesting materials and devices. Each of these sections starts
with an overview and also contains a sub-section commenting on the role of nano-material to this
area of research. Before concluding, we also include a crosscutting section summarizing the
increasingly important role of nano-materials in the integrated field of energy harvesting. These
sections are briefly described below.

The area of thermoelectric energy harvesting includes thermoelectric materials and
devices, as well as applications in automotive waste heat recovery and in some military systems.
There have been a number of recent papers on the enhancement of the figure of merit (ZT) of
thermoelectric materials area in the last decade. 15678910 The work in this area is motivated by
the possibility of using energy harvesting to reduce the use of fossil fuels. The section on
photovoltaic and the general field of solar energy harvesting discusses ideas from the fundamental
science of photon processes to the technology of broadband anti-reflective coatings and multi-
functional fiber solar cells. There is also a discussion of concentration cells for small scale energy
harvesting based on reverse electro-dialysis." The section on Mechanical Energy Harvesting
spans the wide range of topics which this type of energy harvesting encompasses.'? 13
Piezoelectrics are involved in devices which harvest wind at the larger scale and potentially could
harvest energy from human motion as the smaller scale." New devices which combine
piezoelectric with other energy harvesting modes such as magnetic harvesting are expected to
play increasingly important roles in the near future.

The need for renewable energy, energy efficiency, and energy harvesting is motivating the
discovery of new materials and design of new device structures. A significant number of reports
have been published in nanostructured thermoelectric materials. Nanostructured composite
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materials are not only promising for thermoelectric, but also in photovoltaics.'> 6 Nanocomposite
materials can enhance the thermal-to-electrical power conversion efficiency. One example was the
introduction of phase change materials (PCM), which were prepared by compositing exfoliated
graphite nanoplatelets (xGnP) into paraffin wax."”

The role of new materials in energy harvesting cuts across all of the sub-fields represented
here. The need for this enhanced understanding will grow increasingly important as the role of
nano-structured materials is enhanced. This review emphasizes the importance of considering
energy harvesting as a cross-cutting discipline. Each of the sub-fields represented by the topic
headings is important to an understanding of advances across the field as a whole.

2. Thermoelectric materials
2.1 Overview

Thermal electric (TE) materials have attracted a great deal of attention in recent years due to
their wide use in various applications. The thermoelectric effect converts between thermal and
electrical energy, and this is illustrated using Figure 2.1-1. Two materials, one n and one p type are
connected to the heat source and sink. Electrons are transferred due to different temperatures,
resulting in an electrical potential. Conversely, a temperature difference can be induced when a
potential is applied.'® 1 A recent focus has been on the improvements of TE efficiency by reducing
the lattice thermal conductivity.® The reduction can be accomplished by introducing nanostructures
or compositing with various microstructures and additives. 4 10 11 18 1920 21 22 23 24 25

Heat sink

power

Figure 2.1-1. lllustration of one standard configuration for the thermoelectric effect.

2.2 ZT for Thermoelectric Materials

Thermoelectric materials are characterized by the figure of merit Z.

where S is the thermoelectric power or Seebeck coefficient, k is the thermal conductivity, and the
electrical conductivity. A dimensionless number ZT is often used as a figure of merit for the TE
material. For conventional materials the ZT=1 at T=300K.26 The higher the ZT, the more efficient
the TE.



In order to maximize ZT, the donor concentration needs to be optimized. Near the Fermi
level, a dopant could increase the density of states (DOS), improving the thermopower. When the
donor or the acceptor level is near the Fermi level (2.2-1a), the localized DOS is increased, leading
to a net increase in the carrier effective mass, without a significant change in the carrier
concentration. This increased effective mass results in an improvement in thermopower. For
example, the ZT in Tl-doped PbTe was observed to strongly increase, as shown in Fig. 2.2-1b. The
net effect was a significant increase in ZT in comparison with using a dopant which does not have
a suitably located energy level. 1 27 28
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Figure 2.2-1, (a) There is a peak in the density of the state as a solid line is higher than that of the
bulk value as dash line. The peak is due to the resonant states in Tl-doped PbTe. (b) The
measured ZT on TI-PbTe and Na-PbTe samples for 300-800 k indicates an improvement due to
the addition of TI. (From Szczech et al.,’ 27 originally from Heremans et al.23)

Figure 2.2-2 shows the ZT for the Skutterudites CoSbs with multiple co-fillers of Ba, La,
and Yb where a high thermoelectric figure of merit ZT = 1.7 was achieved.'® These results indicate
that high power factors can be realized by adjusting the total filling fraction of fillers with different
charge states to reach the optimum carrier density, and at the same time reduce the lattice thermal
conductivity. The idea of combining multiple fillers with different charge states and rattling
frequencies for raising ZT is also expected to be valid for other caged TE compounds as well.
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Figure 2.2-2. Skutterudites CoSbs with multiple cofillers Ba, La, and Yb. High power factors can be
realized by adjusting the total filling fraction of fillers with different charge states to reach the
optimum carrier density. Shi et al. 18

Some examples of Z vs Temperature is shown in Figures 2.2-3 and 2.2-4. In the report of
Kim et al.,?! they controlled the grain size on the nano-scale of BixTe2gsSeo.15 as well as the Bi
content through the Bi precursor. The effects of this on ZT are shown in the left side graph in
Figure 2.2-3. The right side graph in Figure 2.2-3 shows the ZT results from Santhanam et al.2® for
the addition of Bi nanocrystals to Bi-Tes. Figure 2-2-4 shows the ZT values for a hydrothermal
nanoparticle-plating technique used to grow a layer of CoSbs nanoparticles on the surface of
Lao.sCoFesSbr2 bulk matrix grains. The nanoparticles have a size of 30-40 nm and the nano-layer
is hundreds of nanometer thick. A ZT value near 0.5 is attained at 725 K on the sample with 5 wt %

of nanoparticles, giving a 15% improvement of the ZT from that of the sample without
nanoparticles.
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Figure 2.2-3. Left) Temperature dependence of the figure of merit of the specimens prepared with
different molar ratios of Bi(NO3)s: 2.0 (Square), 2.1 (Circle), 2.3 (Triangle). Kim et al.2' Right)

thermoelectric figure of merit in inclusion-free BizTes and Bi2Tes with incorporated Bi nanocrystals
(NC). Santhanam et al.2®
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Figure 2.2-4 ZT from 10 to 825 K of the 0%, 2%, 5%, and 10% samples Alboni et. al. 23

With the objective of increasing the efficiency of thermoelectric materials, attempts have been
made to increase the ZT value. For most recently developed materials, however, the figure of merit
(FOM) has been less than 2.3 It has long been recognized that new materials are key to improving
the FOM. Figures 2.2-5 and 2.2-6 summarize many of the materials reported to date.
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Figure 2.2-5, the Figure of Merit of TE materials developed to date. Choi et al. 30




: S A
Best Research-Cell Efficiencies o Soocholed
32| Muttijunction Concentrators * - Thermoelectric e J—
¢ e Specuviad 4
WL ey
287 NREL
Crystalline Si Cells s )
™ Singe Crysty - -"‘"”‘ DoD eom"
B A o Sie oy =W i, g
— ‘. 1 Crwegason
Thin Film Technologies —u UNSW
§ 20|® cun Go) Se, - o St LNSH b o 9 )
2 A ; Maac Ve - wa
f':" 16 wmmp-:m T I/}iﬁ; Yo o]
L merging PV "™ Cuoiea 1= soare S8 N Fen. [ SN
12+ Oeganic Cels PN Em University ARCD, & - gm“ X £
P =N,/
Bomn| AMETRC X —
Moo e O——® U Soar
8 Koone  BOORG  AstroPower h:q:;
ot iy Sclaren *
" ] i
B - o
1w 57 . el =
0 T T T Y T T T T
1975 1480 1985 1800 1005 2000 2005

Figure 2.2-6, A list of reported TE and solar materials and their efficiency. Choi et al. %
2.3 Structures

Alternative TE materials such as hybrid and oxides have also emerged in recent years.2
Oxides in general are poor choices for TEs due to their low carrier mobility as well as high lattice
thermal conductivity. Hybrid and layered structures have been found to be promising TE materials.
Figure 2.3-1 compares various materials as TEs. In this figure, the oxides have high chemical and
thermal stabilities allowing a high temperature gradient. Figure 2.3-1b lists a few potential nontoxic
elements to form oxides. Beside oxides, there are other emerging TE materials and structures
reported.3 7 8 11

Efforts have been made in developing new materials in order to reduce the thermal
conductivity more than the electrical conductivity, and to increase the Seebeck coefficient. 3132 33 34
The properties of such materials have been investigated against the effects of temperature and
models were developed in order to predict their durability and efficiency.35 3 37 Santhanam et al.
report that the inclusion of semimetal nanoparticles into Bi;Tes results in an enhancement of the
power factor along with a decrease in the lattice thermal conductivity. In particular, the addition of
5%wt nanoinclusions results in a significant increase in the ZT figure of merit, see Figure 2.2-3 in
the previous section. The significant increase is attributed to an increase in the electrical
conductivity without a corresponding decrease in the Seeback coefficient. 22
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Figure 2.3-1. Summary of existing elements and compounds used as thermoelectric materials. He
etal.?

2.3a Oxides and Silicides

The homologous series of Magnéli phase titanium oxides TinO2.1 (n = 2, 3..) have been
reported to decrease the thermal conductivity with increasing oxygen deficiency by more than 60%
at room temperature and 40% at 773K as compared to TiO2. The largest thermoelectric figure of
merit Z, 1.6x104 K1 at 773K, was obtained in TiO1 g0 hot pressed specimen.®

Magnesium silicide (Mg2Si) has been identified as a promising advanced thermoelectric
material operating in the temperature range from 500 to 800 K. Compared with other thermoelectric
materials that operate in the same conversion temperature range, such as PbTe, TAGS (Ge-Te-
Ag-Sb) and CoSbs, Mg.Si shows interesting aspects, such as the abundance of its constituent
elements in the earth’s crust and the non-toxicity of its processing by-products.® The
thermoelectric properties may also be improved in other silicides such as the chimney—ladder
compounds in the Ru-Mn-Si System by introducing a high density compositional interface. 15 40



2.3b Half-Heusler compounds

It was reported that the (Pbo.ssSno.osTe)1-«(PbS)x nanostructure from nucleation and growth
and spinodal decomposition were found to enhance the thermoelectric figure of merit over bulk
PbTe, producing a ZT of 1.1 - 1.4 at 650 K for x = 0.08.4! The thermoelectric properties have been
reported to be improved using half-Heusler compounds MNiSn (M = Ti, Zr, Hf), phase equilibria in
the (Ti,M)NiSn systems.42

These are seen in Figure 2.3-1 back scattered electron images. The (Tio4Zros)NiSn and
(Tio4Hfo.s)NiSn shown here were treated via different methods. The phase constitution of each alloy
varies depending on the difference in its solidification path and phase equilibrium. The solubility of
solid solutions is labeled in Figure 2.3-1.42
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Figure 2.3-1, Images of back scattered electrons of microstructures of (Ti 0.4Zr 06)NiSn (a,d),
(Tio.sHfos)NiSn (b,e), and (Tio.15Zro.85)NiSn (c,f) alloys. (a-c) was samples of arc-melt as-casted,
(d,e) are samples annealed for 336h, and (f) was directly solidified as-grown. Kenjo et al.42

Solubility limit
9.0at%Zr - . ==+ 8.5at%Hf
Phase g Phase
separation separation

7.8at%Ti

All proportion miscible »  HINISR

Figure 2.3a-2, lllustration of the solubility limits in TiNiSn and (Zr,Hf)NiSn solid solutions.

Circles and triangle show chemical compositions of nearly single-phase alloys prepared for
thermoelectric properties. Kenjo et al.42
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2.3c Skutterudite Materials

Materials with complex crystal structures and large unit cell constants can have Phonon-
Glass-Electron Crystal (PGEC) structures.! 4 15 27 As shown in Figure 2.3c-1a, the compounds,
such as Yb14sMnSb14 are a promising example of such a system. They contain a valence balanced
combination of cations and covalently bonded anionic units. The combination of covalent and ionic
bonding can lead to higher charge mobilities than purely ionic compounds and large, complex unit
cells with intrinsically low thermal conductivity. Yb14MnSb11 is an excellent material for high
temperature thermoelectrics having reported ZT of 1.0 at 1223 K and up to 1.3 with optimized
alloying. Nowotny chimney ladder'® 40 (NCL) compounds (Fig. 2.3c-1b) are another class of
complex crystal structure materials which are promising as PGECs. They have a variable length,
columnar sublattice of non-metal atoms (ladders) residing in the channels (chimneys) of a metal
atom sublattice, forming homologous families of complex structures with variable unit cell length or
incommensurate crystal structures.

(a)

Figure 2.3c-1 (a) The crystal structure of the skutterudite compound CoSbs, showing the formation of
large void spaces (blue polygon) formed by the arrangement of tilted octahedral of Co (green) and Sb
(dark blue). (b) The structure of the Zintl compound Yb1sMnSb14, consisting of [Shs]" trimmers (dark
blue), [MnSba]? tetrahedral (turquoise), isolated Sb atoms (dark blue), and the Yb?* sublattice (yellow).
(c) A model of NCL structures, using MnsSi7 as an example, showing the formation of the complex
crystal structure from Mn and Si sublattices. From Szczech et al., ! originally from G. J. Snyder et al.4
and Higgins et al.2

2.3d Clatherate Materials

Recent improvements in thermoelectric efficiency appear to be dominated by a reduction
in the lattice thermal conductivity. This reduction is accomplished by the careful introduction of 0.1-
5 nm sized “objects” that effectively scatter acoustic phonons without significantly affecting
electronic transport.? Compounds with cage-like structures, such as the clathrates or skutterudites
(discussed in the previous section), use atoms which can rattle in their cage to lower the lattice
thermal conductivity. In the clathrate compound shown in Figure 2.3d-1, the Ba ions are weakly
bound at the center of a large polyhedron. The low-frequency optical phonon modes hybridize with
the acoustic phonons (which carry most of the heat) and produce a lower thermal conductivity. In
general, the scattering of acoustic phonons by atoms rattling in a cage is more effective in reducing
the lattice thermal conductivity than effects produced from substitutional alloying.
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BaX24 20

Figure 2.3d-1. Schematic of the type | clathrate compound BagGa1sGeso. The Ba ions are located
near the center of each polyhedron with 24 (blue) or 20 (red) vertices. X refers to either Ga or Ge.
Sales®

2.4 Properties

The inclusion of nanoparticles is thought to reduce the thermal conductivity in
thermoelectric materials. Vineis'® discuss how the inclusion of nanodots can reduce the thermal
conductivity below the alloy limit. Detailed calculations of phonon transport have been performed
for ErAs:InGaAs materials.*® Atomic scale defects in alloys can scatter phonons due to differences
in their mass or due to a generation of strain fields, and the scattering cross-section follows
Rayleigh scattering. This implies that short wavelength phonons are effectively scattered in alloys,
but the longer wavelength phonons can propagate without causing significant scattering and will
contribute to heat conduction.

Thermal conductivity values of nanostructures such as superlattices can also be
significantly lower than that of their bulk constituent materials.2 4 The reduction in thermal
conductivity can lead to a large increase in the thermoelectric figure of merit in superlattice
systems. Superlattices grown by thin-film deposition techniques, however, are not suitable for large
scale applications. Nanocomposites represent a different approach that can lead to high
thermoelectric figure merit.45
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Figure 2.4-1, Schematic diagram illustrating various phonon scattering mechanisms with a
thermoelectric material, along with electronic transport of hot and cold electrons. Atomic defects are
effective at scattering short wavelength phonons, but larger embedded nanoparticles are required to
scatter mid- and long-wavelength phonons effectively. Grain boundaries can also play an effective role
in scattering these longer-wavelength phonons. Vineis et al.'®

Figure 2.4-2 shows the different components which contribute to the thermopower.
Maximizing the efficiency (ZT) of a thermoelectric involves a compromise of thermal conductivity
and Seebeck coefficient with the electrical conductivity. Trends shown were modeled from BizTes.
The interdependence of the thermopower, electrical conductivity, and thermal conductivity can be
clearly seen.1 20
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Figure 2.4-2 Interdependence of the thermopower (S), electrical conductivity
(s), and thermal conductivity (k). From Szczech!, originally from Snyder20
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24a Thermal Conductivity

One critical question to explore with the addition of nanomaterials is what part of the
reduction in thermal conductivity in these thermoelectric materials can be directly linked to
additions of nanoparticulates such as nanodots. This is a non-trivial question since these systems
typically have other coexisting defects—including solid-solution behavior—that are known to inhibit
heat flow. Figure 2.4a-1 a shows a comparison of lattice thermal conductivities for five PbTe-based
materials systems plus pure PbTe. This figure shows that while solid-solution point defect
scattering alone is effective in lowering the lattice conductivity of PbTe by ~ 30-40%,
nanostructuring contributes additional phonon scattering for an overall 75% reduction. 19
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Figure 2.4a-1, Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based
alloys (x = 0.1) and nanostructured samples. The value of x = 0.1 was chosen because these
samples have the same concentration of added component to PbTe as those in LAST-18 and
SALT-20. (b) InGaAs with and without embedded ErAs nanodots. It is seen in both cases that the
inclusion of nanodots in the microstructure results in a significant reduction to the lattice thermal
conductivity. In the PbTe system solid solution alloying is effective around room temperature (black
dotted arrow) but not at high temperature. Nanostructure is shown to be effective both at room
temperature and at high temperatures (brown doted arrows). Vineis et al.!®

ErAs:InGaAs is another interesting example to study along these lines since the size
distribution of ErAs nanoparticles in the matrix is not a strong function of the growth parameters
and they are typically 2-4 nm in diameter. The volume fraction of the embedded nanoparticles can
be modified from 0.01-6% without introducing defects or dislocations. Figure 2.4a-2 shows the
thermal conductivity measurements are reduced by as much as a factor of 3 compared to the bulk
alloy. 43
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Figure 2.4a-2 Thermal conductivity of randomly distributed epitaxial ErAs nanocrystals (solid
circles) in an Ing53Gao 47As alloy is also shown as open circle. (Kim et al.)*?

2.4b Fermi Surface

Understanding the galvanomagnetic and thermoelectric properties including the Hall effect,
electrical resistivity, thermopower, and thermal conductivity all depend on characterization of the
electronic properties. The electronic band structure, density of states, dispersion curves, and Fermi
surface were calculated by Candolfi et al.6 for the BagNixSiss-x for x=4 materials within the full-
potential local-orbital method (FPLO). Their calculations show that density of states at the Fermi
level strongly varies with x. The variations in the band structure have been experimentally
confirmed by transport properties and specific heat measurements. Regardless of the Ni content,
the Fermi surface, shown in Figure 2.4b-1 presents disconnected electron and hole sections that
appear consistent with thermopower data, where both types of carriers contribute to the electrical
conduction in these materials. All the samples they modeled exhibited metallic-like behavior
causing moderate thermopower values for ZT.

36 ve (10°ms ) 260

Figure 2.4b-1, Fermi surface of BagNixSiss-x for x=4. The shading is by Fermi velocity. Candolfi et
al. s
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2.4c Morphology

Nanostructured materials are often polycrystalline and can be used to control interfaces in
order to enhance the thermal electric properties.# The approaches in controlling microstructures
and interfaces are illustrated in Fig. 2.4c-1. It includes preferentially aligning the grains for transport
directions (Fig. 2.4c-1b), grain size reduction (Fig. 2.4c-1c), forming thin layers of a second phase
at the boundaries (Fig. 2.4c-1d), embeding nanoinclusions in grains (Fig. 2.4c-1e), and producing
plate or lamellar nanostructures (Fig. 2.4c-1f).

Figure2.4c-1. Improving bulk thermoelectric performance employs several distinct classes of grain
and interfacial microstructure. (a) A polycrystalline microstructure. (b) Preferential alignment of
grains along favorable transport directions. (c) Reduced grain size to take advantage of favorable
interfacial scattering processes. (d-f) Nanocomposites: (d) nanocaoted grains. (e) embedded
nanoinclusions, and (f) laminar/multilayer structures. Medlin et al.4

2.5 Nanomaterials for Thermoelectrics

Many papers reported the use of nanomaterials in thermoelectric materials, with a good
overview given by Pichanusakorn and Bandaru.*6 Vaqueiro and Powell” discussed using
nanoscale precipitates within a matrix for the pseudo-binary system (AgSbTez)x(PbTe):x. This
system is considerably more complex than the solid-solution behavior. Partial substitution of lead
by a mixture of silver and antimony produce phases which depends on the lead content, m.
Examination using transmission electron microscopy reveals the presence of (Ag, Sb)-rich
nanoinclusions within a PbTe rocksalt matrix as shown in Figure 2.5-1. The nanoinclusions are
thought to scatter acoustic phonons with minimal scattering of charge carriers, which results in a
high figures of merit, ZT = 1.7 at 700 K.
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Figure 2.5-1, A schematic representation of the nanostructure of the Ag1xPbmSbTem+2 phases.
Vaqueiro and Powell”

The possibility of enhanced ZT in aligned homogeneous porous structures, as shown in
Figure 2.5-2, has been discussed by Yang et al.' 47 For a composite with a given porosity, the
thermal conductivity is expected to decrease as the pore radius decreases and interface density
increases. This is shown in Figure 2.5-2 b. For optimum pore wall thickness and pore periodicity, a
seven-fold enhancement of the power factor is predicted, with more modest enhancements
expected as the pore radius and periodicity deviate from their optimum values.
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Figure 2.5-2, Nanoporous silicon with aligned cylindrical pores, with heat transport in the direction
of the pore axis. (b) Effective thermal conductivity as a function of porosity with different radii.
Szczech et al.," originally from Yang et al. 47.

Figure 2.5-3 shows the minimum confinement length (amin) for improved properties in

select thermoelectric materials. Pichanusakorn and Bandaru'® have shown that there exists a
threshold confinement length only below which lower dimensional nanostructures, such as QWs or
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NWs, could have a higher power factor compared to bulk materials. For example, Si NWs with
diameter below 4 nm would be required for an enhanced power factor over bulk values.

(a)4
=4 L e T— NW
12} 12} Qw
__ 10 IR T=300K
£ s
“E o M~ T T, o 6 | e N mfmﬂ:038
ol ) N —— .
0.32 ‘*veerea.,
0 100 200 300 400 500 600 700 Q5 1+ 185 12 25 3 35 4

Temperature (K)

Gain factor. G

Figure 2.5-3 (a)The minimum confinement length (amin) for select thermoelectric materials, at
which one-dimensional NWs (dotted lines) and two-dimensional QWs (solid) have a greater
S20 compared to bulk thermoelectrics (the gain factor, G=1). (b) The amin as a function of G for
NWs and QSs, decreases much faster for the latter at higher G. Pichanusakorn and Bandaru'®

Yadav et al.2 have studied the thermoelectric properties of quantum dot (QD) nanocomposites
in which the QDs are aligned to form chains. In both the InAs/GaAs and Ge/Si systems, they use a
constant relaxation time approximation to calculate and compare the electrical conductivity,
Seebeck coefficient, and thermoelectric power factor for QD chains, three-dimensional ordered QD
arrays, random QD arrays, and bulk GaAs or Si. Figure 2.5-5 illustrates the alignment of QDs,
which can take place either parallel to the growth direction, vertical chain or perpendicular to the
growth direction, and horizontal chain. In the directions perpendicular to the QD chain, 2D
confinement is approximated by two 1D QWs with confined subband energy levels. An effective
potential Verr along the QD chain can be calculated, as illustrated in Figure 2.5-5. This Vet is then
used in a Kronig—Penny model to calculate the miniband energy levels as a function of kx, i.e., the
miniband dispersion E_kx_ . Finally, E_kx_ is used to calculate the density of states, 2/LyL.dkx /dE
. The electronic transport properties are then calculated using the Boltzmann transport equations
summed over all n minibands.
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Figure 2.5-5 lllustration of aligned quantum dot chain, energy minibands, and potential wells in the
X, Y, and z direction. Ly, Ly, and L are the QD sizes in the same directions, Hy is the QD spacing
along the direction of alignment, Vo is the confining potential, and Ve is the effective confining
potential for the x direction. Yadav et al.24

Figure 2.5-6 summarizes a comparison between bulk and nanostructered composite
materials. Szczech et al.! discusses that the last decade of research resulted in the discovery of
new bulk materials with better thermoelectric performance and the development of nanoscale and
nanostructured materials have independently achieved ZT above 1.5.
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Figure 2.5-6 State-of-the-art comparison of ZT in conventional bulk materials and nanostructured
composite materials. From Szczech et al. , originally courtesy of Prof. Li Shi (U Texas—Austin).
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2.6 Applications

Pichanusakorn and Bandaru discuss the applications which could arise from a jump in
efficiency of thermoelectric materials to nanoscale engineering.!® The problem of waste heat
recovery, e.g., from transportation vehicles and oil refineries along with heat dissipation, e.g., in
microelectronics — where leakage currents in transistors exponentially increase with temperature, is
of considerable relevance to energy generation and conservation. While the basic principles
underlying these processes are well known, the use of these materials is not very widespread due
to low efficiency. Thermal to electrical energy conversion, through thermoelectric and thermionic
materials, has been proposed to be much more efficient in lower dimensional materials at the
nanoscale. If nanostructured thermoelectrics could be practically implemented, such an approach
could be of wide practical import. For example, mechanical cycle-based systems could be replaced
by solid state based thermoelectric structures with advantages such as components with no
moving parts along with a rapid response time. A brief glimpse of the possibilities is illustrated in
Figure 2.6-1.46

Power (Watts)
10k Large scale waste heat recovery, e.g., transportation vehicles
1k ) .
Microclectronics, e.g., CPU cooling
100
10 Consumer applications, e.g., Wine coolers
1
Space Power and cooling, e.g., Voyager
100m
10m _
Remote wireless sensors, e.g., networks
im

100 H Biomedical devices, e.g., pacemakers

10p
1

Low-power applications, e.g.,wrist watches

Figure 2.6-1, thermoelectric materials can be put to use in various energy conversion applications,
encompassing ten orders of magnitude in power. Pichanusakom et al.46

20



3. Photovoltaic Materials
3.1 Overview

Photovoltaics (PV) involves converting solar radiation into electrical energy through
semiconductor materials. Solar energy harvesting involves transferring light into electricity through
certain types of chemical reaction.#¢  The energy production usually starts with the light being
absorbed by assembled molecules. Subsequently, electrons are excited and transferred to an
acceptor. The most common materials used today are amorphous silicon, single crystal silicon,
polycrystal silicon, cadmium telluride, copper indium gallium selenide, and copper indium gallium
sulfide.#® There are a wide variety of nanomaterials used as solar materials for energy harvesting.
Those include nanotubes,* quantum dots,%' 52 53 nanocrystals, among others. The advancement
of nanoparticle synthesis in well-defined geometrical shapes could result in innovative design for
solar energy conversion.

Kamat et al discuss three possible approaches to design solar energy conversion devices
(Figure 3.1-2).55 The figure on the left is designed to mimic photosynthesis, with donor-acceptor
molecular assemblies and clusters. The second (middle) is showing semiconductor assisted
photocatalysis to produce fuels such as hydrogen. The third on the right is using nanostructures as
semiconductor based solar cells. 56

Donor-Nanoparticle-
Acceptor Assembly

Photocatalysis Photochemical Solar Cell

Figure 3.1-1, shows three strategies to use nanostructures for solar energy conversion. The first step
is the nanoparticle assembly, second is photocatalysis, and third the photochemical solar cells.
Kamat et al. %

Solar thermoelectric power generation is rapidly becoming cost competitive for utility scale
electricity. Parabolic trough concentrators have proven economical and reliable but their efficiency
is limited by the maximum temperature of the heated fluid. The solar thermoelectric trough collector
is an option, not a good application for a ZT=1 thermoelectric material. To increase the overall
power output of the system by approximately 10% would require a ZT=3 material.5” An
intermediate-band material based on thiospinel semiconductor Mgln.Ss4 was reported as a high
efficiency photovoltaic material for intermediate-band solar cells.® Other materials have been
reported with similar effects.59 60 61

3.2 Structures
Channon et al.% discuss the fluorescence characteristics of a system where the light

harvesting occurs in fibrils. Two precursors were chosen to promote resonance energy transfer
(RET) following self-assembly, as shown in Figure 3.2-1. In a binary system, excitation of donor
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species should result in rapid transfer of excitation energy to acceptor sites and observation of
emission from acceptors (Figure 3.2-1, bottom). The starting mixture comprises a large excess of
donor species to facilitate energy migration from excited donors to red-shifted traps (the acceptor
species). If the donor and acceptor have comparable lifetimes, then in the time required for the
acceptor to relax from the excited state, most of the donors will also have relaxed, releasing the
harvested energy.

Disordered Assemoled . Beta-sheq
peptide Donor fluorophores peptide
7 rd !
/ / !
Cj"\" Acceptor i
®
@  Assembly @
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Figure 3.2-1, Each synthetic precursor comprises a peptide component (arrow) and organic
fluorophore (disk). Two types of precursors were synthesized: donors (gray disks) and acceptors
(black disks). Donors and acceptors are mixed and self-assembled to form a fiber (right). (Bottom)
Light harvesting occurs in fibrils via (1) absorption of a photon by the donor and (2) nonemissive
transfer to an acceptor via RET. The energy is released by the acceptor as an observed photo (3),
allowing confirmation of light harvesting in the system. Channon et al.5

3.3 Optical Properties

Small peptides offer an attractive starting point for the development of solar harvesting
materials since they are relatively simple to produce and can be tailored to provide an expansive
range of chemical functionality.56 One route is the use of biological molecules to drive the self-
organization of chromophores to perform a light-harvesting function analogous to that of the light-
harvesting complexes (LHCs) that enable efficient photosynthesis in bacteria and green plants.
The energy transfer behavior of the fibrils (as discussed in the previous section) is shown in Figure
3.2-1. Channon et al>¢ diluted samples 300-fold into H>O and transferred to a quartz cuvette for
analysis. Excitation of fibrils at the donor absorption maximum (465 nm; Figure 3.2-1 left) resulted
in significant emission from the acceptor. Under those conditions, no significant emission from the
acceptor was observed upon excitation at the donor excitation maximum (Figure 3.2-1, right).
Comparison with modeling results indicates that the acceptors harvest energy from more than one
donor.
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Figure 3.2-1, Fluoresence excitation (solid) and emission (dashed) spectra of RuBiPy (donor, gray)
and Alexa 647 (acceptor, black). The arrow indicates the vavelenght of excitation used to
demonstrate light harvesting in the fiver. The shaded area illustrates the overlap between donor
emission and acceptor excitation. (right) Emission spectra of light-harvesting fibrils (solid, black) at
465 nm. Also shown are emission from an equivalent but unincubated mixture of donor and
acceptor (dotted, black) and emission from direct excitation of the acceptor (gray) at 645 nm.
Channon et al.%

Kamat et al. discusses three major ways to utilize nanostructures for the design of solar
energy conversion devices: (i) Mimicking photosynthesis with donor-acceptor molecular
assemblies or clusters, (ii) semiconductor assisted photocatalysis to produce fuels such as
hydrogen, and (i) nanostructure semiconductor based solar cells.® Figure 3.2-2 shows the
emission from modified Au nanoparticles linked to a TiO. film. Controlled charging of the Au
nanoassembly enables the modulation of the excited-state interaction between the gold nanocore
and a surface-bound fluorophores. Spectroelectrochemical experiments carried out using a thin
layer electrochemical cell showed the emission spectra of pyrene modified gold particles which
were linked to TiO; film cast on an optically transparent electrode (OTE/TiO2/-O0C-R2-S (Au)-S-
R1-Py) and subjected to different applied potentials (Figure 3.2-2). The overall shape of the
emission band remains the same with changing bias, suggesting that the photoactive molecule
contributing to the emission is unperturbed.

Normalized Emission

Wavelength, nm

Figure 3.2-2 Modulation of photo induced charge transfer in a pyrene modified gold particles linked
to TiO: film cast on an optically transparent electrode (OTE). Kamat et al.%
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Zhang et al.®® discuss the self-assembly of stable nanoscale coordination polymers (NCPs), which
exhibit temperature-controlled guest encapsulation and release, as well as an efficient light-
harvesting property. The NCPs are obtained by coordination-directed organization of -conjugated
dicarboxylate (L1) and lanthanide metal ions Gd(lIl), Eu(lll), and Yb(Ill) in @ DMF system. Guest
molecules trans-4-styryl-1-methylpyridiniumiodide ~ (D1) and methylene blue (D2) can be
encapsulated into NCPs, and the loading amounts can be controlled by changing reaction
temperatures. Guest-loaded NCPs exhibit efficient light harvesting with energy transfer from the
framework to the guest D1 molecule, which is studied by photoluminescence and fluorescence
lifetime decays. Experimental results showed that the guest loading amount increased with an
increase of the temperature from 20 to 140 °C. As shown in Figure 3.2-3, by normalizing the
absorption peak that resulted from L1, the peak of D1 in NCPs at ~480 nm increased for the
sample prepared at 140 °C. This was further supported by the color changes of the samples after
purification (Figure 3.2-3, inset).
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Figure 3.2-3, Normalized UV-vis absorption spectra of NCPs dispersed in ethanol: (a) Gd-L1
prepared at 20 °C; (b) Gd-L1-D1 prepared at 20 °C; (c) Gd-L1-D1 prepared at 104 9C; (d) Gd-L1-
D2 prepared at 20 °C; (e) Gd-L1-D2 prepared at 140 °C. The dashed curves are the absorptions
of free D1 and D2 in ethanol, respectively. Inset: photograph of the corresponding NCPs
dispersed in ethanol. Zhang et al.>®
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3.4 Devices

Organic solar arrays can be wused in dc power supplies for electrostatic
microelectromechanical systems devices.82 The bulk heterojunction (BHJ) “plastic” solar cell has
been developed in recent years for solar energy harvesting. Peet et al. 8 discuss that only 0.1% of
the total electricity generated in the United States comes directly from sunlight and point out that
the earliest commercial solar technology remains the basis for the most prevalent devices in
current use, namely, highly-ordered crystalline, inorganic solar cells. Future progress in the
fabrication of high-performance BHJ cells will depend on new processing methods, which control
both the BHJ phase separation and the internal order of the components, and can be implemented
to increase the power conversion efficiency (PCE). Properly controlling the “nanomorphology”,
which is critically dependent on minute experimental details at every step, from synthesis to device
construction, provides a possible path to >10%. Another important factor is that PCE BHJ cells,
which can be fabricated at a fraction of the cost of conventional solar cells. Figure 3.4-1 shows the
results from using a focused ion beam to “cut’ cross sections through the BHJ film for
characterization via atomic force microscopy (AFM) and transmission electron microscopy (TEM).
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Figure 3.4-1, Cross-sectional TEM of a BHJ solar cell with a contrast-enhanced image to highlight
the continuous domains of P3HT and PC61BM. Peet et al. &

Lewis et al. 62 discuss an innovative way to fabricate organic solar arrays for application in
dc power supplies for electrostatic microelectromechanical systems devices. A solar array with 20
miniature cells interconnected in series was fabricated and photolithography was used to isolate
the individual cells, with result shown in Figure 3.4-2. The best performing single cell was
fabricated with an active layer thickness of 200 nm followed by a post-device thermal annealing at
120 °C for 5 min.
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Figure 3.4-2, Upper panel: schematic of a single organic solar cell with bulk heterojunction
structure. Lower panel: current-voltage characteristics of single cell made with P3HT:PCBM mixed
with weight ration of 1:1 under simulated AM1.5G, radiation at 132.6 mW/cm?. The active layer was
spun-coat on patterned ITO substrate at 800 rpm, with a final thickness of about 200 nm. Post-
device thermal annealing at 120°C for 5 min was done before the |-V measurements. Lewis et al. 62

3.5 Nano-materials

Liu et al.® discuss that the incident-photon-to-current-conversion efficiency of TiO
photoanodes can be increased significantly in the visible and near infrared range of the
electromagnetic spectrum by assembling films that are structured on both micrometer and
nanometer length scales. Photoanodes assembled from alternating layers of TiO. nanoparticles
and mesoporous TiO2 microspheres increase the overall power conversion efficiencies of dye-
sensitized solar cells by as much as 26%. This increase is attributed to enhanced light scattering
by porous TiO2 microspheres .

During the conversion of the titanium glycolate microspheres to TiO2 , the hydrolysis and
condensation reactions introduce mesopores into the spheres but the particles retain their shape
as shown in Figure 3.5-1. Figure 3.5-1 (a) and Figure 3.5-1 (b) show the morphologies of the
titanium glycolate and the TiO2 microspheres obtained after the hydrothermal reaction,
respectively. The titanium glycolate spheres are 400-600 nm in diameter and have smooth
surfaces. After the hydrothermal reaction, the diameters of the spheres had shrunk slightly to 300-
500 nm.
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Figure 3.5-1 SEM images of (a) the titanium glycolate precursor microspheres and (b) the porous
anatase TiO2 microspheres. Insects are high-magnification SEM images showing the surfaces of
the microspheres. (c) Schematic illustration of the formation mechanisms of the porous TiO2
microspheres. Liu et al.5

Layered photoanode structures can enhance light harvesting efficiency by increasing the
path lengths of photons through the film via scattering.8 Example photon paths through a two-layer
film are illustrated in 3.5-2. First, back scattering by the microspheres and reflections at the
nanocrystal-FTO interface trap photons in the first nanocrystalline (N) layer and increase their path
length through the dye coated TiO2 nanoparticles (paths 1 and 2 in 3.5-2 ). Second, the photons
that are transmitted into the microsphere film are efficiently scattered which also increases their
effective path length (paths 3 and 4 in Figure 3.5-2 ). Finally, additional alternating layers on top
can capture those photons that have managed to pass through the microsphere layer without
absorption (path 5 in Figure 3.5-2 ). Simulations of the Mie scattering by the microspheres show
that the scattering efficiency is maximized at wavelengths, |-1.4 time the particle diameter, implying
that microsphere diameters of 300-500 nm are best. Figure 3.5-3, shows a high-resolution SEM
image of the alternating four-layered electrode assembly.

1 @ @ @ (5)

Figure 3.5-2, Schematic illustration of light scattering in an electrode consisting of porous
microspheres. Liu et al.5

27



Figure 3.5-3, High-resolution SEM image of alternating four-layered electrode assembled from P25
nanoparticles and porous TiO, microspheres. Liu et al.64

Organized inorganic-organic nanohybrids, with hierarchical superiority in architecture, have
been developed by assembling monolayers of organic molecules containing functional groups,
such as amines, thiols, isothiocynate, and silanes, on to the three dimensional surface of metal
nanoparticles. % 8 They exhibit efficient light-harvesting capability and suppress undesirable
energy transfer quenching of the porphyrin singlet excited-state by the gold surface relative to the
bulk gold. Examples of gold nanoparticles functionalized with different ligands are shown in Figure
3.5-4. The optical properties of the functionalized Au nanoparticles was disced above in Section
3.2.

(n=5,11)

Figure 3.5-4 Examples of gold nanoparticles functionalized with (a) porphyrin, (b) C60, and (c)
pyrene (from ref 29) Kamat et al.%, originally from Thomas and Kamat.6

Zhang et al.5® show in Figure 3.5-5 NCPs assembled from linear (-conjugated ligand and
lanthanide metal ions with long-range ordered structures, which exhibit temperature controlled
sizing, guest encapsulation and release, and an efficient light-harvesting property. The lanthanide
ions were chosen as metal connectors because of their high affinity to carboxylate and
nondetrimental nature to fluorescence. The optical properties of the NCPs were discussed above in
Section 3.2.
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Figure 3.5-5, Molecular structures of ligand L1 and guests encapsulated in NCPs. Zhang et al.>®

4. Mechanical Energy Harvesting
4.1 Overview

Mechanical energy is associated with the motion and position of an object. In this review,
mechanical energy harvesting involves materials and devices that convert mechanical energy into
other types of energy, such as electrical, magnetic, thermal, among others. The most common type
of mechanical energy being harvested is mechanical vibration. There are several basic types of
harvesting devices based on mechanical vibration.88 Often, mechanical vibration energy can be
harvested using resonant mechanical structures via vibrations. 67 68 6 The scavenged energy is
then transformed into electricity by piezoelectric materials. This type of energy conversion can also
be enhanced through a magnetic field.”® 7 72 The second type is through change of ambient
temperature using a permanent magnet attached to a PZT/brass bimorph, and placed near a
"thermo-magnetic" material (FeNi) at which Curie temperature can be tuned around the ambient.
Such type of harvesting depends on the slow cooling and heating through ambient air. Another
type is the low-frequency, large amplitude bending from human motion using a light, flexible
electro-active polymer membrane.” 7

4.2 Device Design

The design of devices plays important roles in mechanical harvesting efficiency. The
structures of materials have been reported to enhance the efficiency of energy conversion.”s 76 77.78
One popular example is to make the piezoelectric polymer into wave shapes, as shown in Figure
4.2-1 A wavy piezoelectric ribbon on silicone rubber resulted amplitudes in the waves
accommodate order-of-magnitude increases in maximum tensile strain without fracture. The
buckled ribbons enhanced the piezoelectric effect of up to 70%, representing the highest reported
piezoelectric response on a stretchable medium. These results allow for the integration of energy
conversion devices which operate in stretching mode via reversible deformations in the
wavy/buckled ribbons.
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Figure 4.2-1, COMSOL modeled eigenmodes of the energy harvesters main-cantilever, (a) first
bending mode at 101.3 Hz, (b) first torsional mode at 315.9 Hz.88 (c) The stretchable devices
consist of wavy ribbons made of piezoelectric material (lead zirconate titanate; PZT) on silicone
rubber. Such structure can withstand greater applied mechanical strain without cracking than can
equivalent materials made into flat ribbons. Qi et al.”® 70

It was reported that nanowire radial heterostructures of silicon are the optimal design for
efficient charge density. Tian and co-workers8? synthesized this type of nanowires with p-n and p-i-
n radial heterostructures by the VLS mechanism and subsequent thin film deposition and
characterized the photovoltaic response of individual nanowires (Figure 4.2-2). The single
nanowire photovoltaic device was able to power a logic circuit and a nanowire pH sensor on a self-
contained circuit. &

Figure 4.2-2, (a) Schematics of single nanowire PV device fabrication. (left) Pink, yellow, cyan, and
green layers correspond to the p-core; i-shell, n-shell, and PECVD-coated SiO2 respectively.
(Middle) Selective etching to expose the p-core. (right) Metal contacts deposited on the p-core and
n-shell. (b) SEM images corresponding to schematics in a. Scale bars are 100 nm (left), 200 nm
(middle), and 1.5 pm (right). (c) Dark and light I-V curves. (d) light I-V curves for two different n-
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shell contact locations. (inset) Optical microscopy image of the device. Scale bar, 5 y. Hochbaum
and Yang.”’

Great attention has been given in elastic solar materials to mechanically compliant sources
of power.8" 82 8 84 85 Tg harvest mechanical energy through vibration, the mechanical components
are desirable to be elastic without deformation nor allow conformal bonding to substrates. One of
the main challenges of nano-power components is energy storage. Yu et al., gives an example of
a stretchable supercapacitor. 8
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Figure 4.2-3, Fabrication steps of a buckled SWNT macrofilm on an elastomeric PDMS
substrate. a) lllustration of the fabrication flow comprising surface treatment, transfer, and
relaxation of the prestrained PDMS substrate. b) Optical microscopy image of a 50-nm-
thick, buckled SWNTmacrofilm on a PDMS substrate with 30% prestrain, where the well-
defined periodic buckling structure is shown. ¢) SEM image of a buckled SWNT macrofilm.
The buckling wavelength is 2mm. d) AFM image of the buckling profile of the SWNT
macrofilm. The buckling amplitude is 0.4mm. e) SEM image of the buckled SWNT
macrofilm/PDMS substrate interface, where the top white layer is a very thin layer of
platinum that was sputtered onto the SWNT macrofilm in advance to prevent the SWNT
macrofilm from damage during ion milling. Yu et al.8

Figure 4.2-4a illustrates F1 5 PZT ribbons (5-10 nm wide and 250-500 nm thick) were
patterned on a magnesium oxide (MgO) host substrate and subsequently released from the mother
substrate using phosphoric acid (85% concentration, 75 C, 50 s). A slab of PDMS (2mm thick) was
then elastically stretched and brought into conformal contact with the ribbons. Peeling off the
PDMS allowed for complete transfer of the PZT ribbons to the elastomer via adhesive van der
Waals forces in the surface-dominated ribbons. Finally, releasing the prestrain in the PDMS led to
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a compressive force in the PZT ribbons as the PDMS relaxed to zero strain, leading to periodic de-
adhesion and buckling. The resulting wavy geometry is a result of the transfer of mechanical
compressive energy into bending energy. Figure 4.2-4b is a scanning electron microscopy (SEM)
image of PZT ribbons transferred using unstrained PDMS. The Figure 4.2-4c shows PZT ribbons
with a wavy/buckle structure induced by the prestrained PDMS.

A P77 ribbons =
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Figure 4.2-4, The wavy/buckled piezoelectric PZT ribbons. (a), (top-down), PZT ribbons were
patterned on an MgO substrate and undercut etched to release them from the mother substrate; a
slab of pre-strained PDMS was laminated against the ribbons and peeled off quickly; retrieved PZT
ribbons were transferred onto PVMS and formed wavy/buckled structures upon strain relaxation.
(b) SEM image of PZT ribbons transfer printed to PDMS with zero pre-stain. (c) PZT ribbons
spontaneously buckled under pre-strained conditions. Qi et al.”

4.3 Nanomaterials

Nanomaterials have promising applications as nanogenerators. In particular, PZT
nanofibers can be produced through electrospinning, as discussed by Chen et al.”> PZT nanofibers
are deposited on the preprepared interdigitated electrodes of platinum fine wire (diameter of 50 Im)
arrays, which were assembled on a silicon substrate (Figure 4.3-1a). The diameters of PZT
nanofibers were 60 nm (Figure 4.3-1b) through varying the concentration of poly vinyl pyrrolidone
(PVP) in the modified sol-gel solution. A soft and polymer (polydimethylsiloxane, PDMS) was
applied on top of the PZT nanofibers (Figure 4.3-1c). The PZT nanofibers were polled by applying
an electric field of 4 V/ Im across the electrodes (Figure4.3-1d) at a temperature of above 140 °C
for about 24 h. The power generation mechanisms of the nanogenerator are illustrated in Figure
4.3-1d-e. Here the PZT nanofibers worked in the longitudinal mode with an alternating pressure
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applied on the top surface of the nanogenerator. The applied pressure was transferred to the PZT
nanofibers through the PDMS matrix and resulted in charge generation due to the combined tensile
and bending stresses in the PZT nanofibers. A voltage difference between the two adjacent
electrodes was thereby induced due to this separation of charge. The interdigitated electrodes
could enhance the power output of the nanogenarator. The piezoelectric nanofibers between each
pair of adjacent electrodes served as unit cells, and each cell was connected in parallel.”

PZT nanofibers

d Stress-free state
poyms Direction of

Platnum electrodes PZT nanofibers ;

Silicon substrate

Alternating pressure

High stress e s Low stress

Figure 4.3-1, concept and power generation mechanism of the PZT nanofiber generator. (a)
Schematic view of the PZT nanofiber generator. (b) Scanning electron microscopy (SEM) image of
the PZT nanofiber mat across the interdigitated electrodes. (c) Cross-sectional SEM image of the
PZT nanofibers in the PDVM matrix. (d) Cross-sectional view of the polled PZT nanofiber in the
generator. (e) Schematic view explaining the power output mechanism of the PZT nanofibers
working in the longitudinal mode. The color presents the stress level in PDMS due to the
application of pressure on the top surface. Chen et al.”

4.4 Pb Free Materials
The piezoelectric ribbon materials can be made of PZT, PVDF, or other types. The PZT

contains lead that might have potential health issues. Rai et al.8” discuss finding lead-free
materials. One example is shown in (Figures 4.2-1 and 4.2-2). Attempts have been made to
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produce efficient lead-free piezoelectric materials. Solid solution with composition (KNa)NbOs-
xABQs, (where A = Li, and B = Nb; x = 0, 5, 5.5, 6, and 6.5 wt%) were developed. Single phase
formation and good crystallinity with LiNbOs addition up to x = 6.5 wt% was reported. Dielectric
studies reveal that the composition with LiNbOs; = 6.5 wt% exhibits properties suitable for
piezoelectric energy harvesting applications.8

Figure 4.4-2, SEM images of KNN-xLN system with x=(a) 5.0, (b) 5.5, (c) 6.0, and (d) 6.5. Rai et
al.g7

Mechanical energy harvesting can be done through hybrid composite, lead-free materials®”
in linear or non-linear vibration,88 8 %0 91 92 wind energy,? % and locomotion.% Efforts have been
made on modeling of the efficiency of devices. Figure 4.4-3 shows a PZT nanogenerator which
uses a free vibrating PZT cantilever as a damper. The output voltage from the nanogenerator was
measured when a Teflon cantilever, placed on top of the nanogenerator, was subjected to free
vibration, as shown in Figure 4.4-3b. The damping ratio and the natural frequency of this system
were determined to be 0.064 and the 49.9 rad/s (7.9 Hz), respectively. The output voltage from a
dummy block without PZT nanofibers or any active materials in it was also measured using the
same setup. The measured result revealed that the amplitude of noise signal is only at about 10
mV level. This confirmed that the power output from the PZT nanogenerator was in fact the energy
harvested from mechanical vibration.
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Figure 4.4-3, energy harvested from the free vibration of a Teflon cantilever. (a) Schematic of
the experimental setup. (b) The open circuit voltage output when the cantilever was under free
vibration. Chen et al. 7

Other materials such as thin films of P(VDF-TeFE) piezoelectric polymer can be fabricated as
a membrane suitable for micro-generator. Jeong et al. ¥ discuss applying a P(VDF-TeFE)
piezoelectric polymer in a micro-generator as a membrane, the polymer is being deposited on a
substrate by spin-coating. In this process, some changes of the mechanical properties and quality
of the film are caused by the solvent which was used to dissolve the polymer. Since a solvent
affects the film properties and surface stability, the thermal process was carried out at a
temperature higher than melting point, which causes some falling-off in the electrical properties.

5. Magnetic Energy Harvesting
5.1 Overview

There are reports on metal-based materials that have significant phase transformation
associate with mechanical force and displacement.® 9% Magnetic energy harvesting often involves
multimodal systems for simultaneous energy harvesting from stray magnetic and mechanical
energies by combining magnetoelectric and piezoelectric effects. Such systems usually consist of a
cantilever beam with tip mass and a magnetoelectric laminate attached in the center of the
beam.100
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5.2 Magnetic/Mechanical Devices

Dong et al.'® investigated a multimodal system for simultaneous energy harvesting from
stray magnetic and mechanical energies by combining magnetoelectric and piezoelectric effects.
The system consists of a cantilever beam with tip mass and a magnetoelectric laminate attached in
the center of the beam. An equivalent circuit model was proposed that predicts a summation effect
for both mechanical and magnetic energies. The schematic design of the fabricated energy
harvester is illustrated Figure 5.2-1a and a picture of prototype is shown in 5.2-1 b. In this
magnetoelectric / laminate configuration, two PZT fiber layers with push-pull-type symmetric
polarization units'0! were laminated together with four magnetostrictive FeBSiC ribbons. This
multimodal system that can be used for harvesting mechanical vibration and magnetic energies
simultaneously and the generated electric energy is the combined effect of magnetoelastoelectric
and piezoelectric contributions.
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Figure 5.2-1, Conceptual illustration of the ME energy harvester: (a) schematic of the ME laminate
configuration with p polarization units; (b) photo of the ME laminate prototype, and (c) equivalent
circuit model for a bimechanism of EH. Dong et al.1%0

Wang and Yuan’' report a vibration energy harvester that had two units: a device
consisting a giant magnetostrictive material (MsM, Metglas 2605SC) bonded on a copper substrate
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with a pick-up coil, as illustrated in Figure 5.2-2(a) along with an energy harvesting circuit. A few
MsM ribbons were laminated together (Figure 5.2-2(b)). This system utilizes the effect of
magnetostriction, i.e., a vibration-induced strain caused by bending producing a change in the
magnetization of the laminate. While under cyclic loading, such a change is transferred into
electrical energy through the coil. To enhance the energy conversion efficiency and alleviate the
need of a bias magnetic field, Metglas ribbons are transversely annealed by a strong magnetic field
along their width direction. The energy harvesting circuit interfaces with a wireless sensor and
accumulates the harvested energy into an ultracapacitor.
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Figure 5.2-2. (a) Prototype of the MsM energy harvesting device, (b), MsM layer and
laminate. Wang and Yuan.”

A rotation energy harvester employing cantilever beam and magnetostrictive/piezoelectric
laminate transducer has been discussed by Li et al.”® The harvester has a magnetic circuit
attached to the free end of the beam, and the ME transducer is placed in the air gap of the
magnetic circuit. When the harvester is attached to a host structure rotating around a horizon axis,
the alternation of the gravity component causes the beam to vibrate along its transverse direction.
The vibration induces an alternating magnetic field applied on the transducer, which causes the ME
transducer to generate electrical power. The schematic of the proposed rotation energy harvester
is shown in Figure 5.2-3. The harvester is composed of a ME transducer, a cantilever beam, and a
magnetic circuit. The ME transducer is a sandwich of one PZT layer bonded between two Terfenol-
D layers. The piezoelectric layer is polarized in its thickness direction, and the magnetostrictive
layers are magnetized along their longitudinal direction. As the magnetic circuit moves relative to
the transducer, the ME transducer induces magnetic field variations, and the changing magnetic
field causes the magnetostrictive layers to generate stress. The stress is then transmitted to the
piezoelectric layer, which generates electrical
Power.102 103
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Figure 5.2-3 Schematic diagram of the proposed rotation energy harvester. Li et al.”0
5.3 Magnetic materials

Advances in the use of magnetic materials for energy harvesting are tied to materials
development. One particularly interesting route in making a wide range of magnetic materials with
tailored size distributions down to the few nanometer range is spark erosion. It is possible to
produce hollow particles using this technique. Spark erosion consists of generating spark
discharges between electrodes immersed in a dielectric fluid. After a complex plasma creation and
breakdown, molten and evaporated material is ejected from the electrodes and quenched in the
dielectric.’™ This material condenses as particles in the dielectric liquid. The most common
application of this process is electric discharge machining (EDM), used to machine hard or brittle
materials. However, spark erosion is also a powerful and versatile technique to produce particles of
any nominally conductive material.’% 1% |t has been used to produce particles of metals, alloys,
and compounds of a wide range of materials with particle sizes down to several nanometers.07 108
Figure 5.3-1 shows examples of interesting particles produced by spark erosion. Hollow spherical
particles of Ni, CoFe, the ferromagnetic shape memory alloy NisMn3Gaz1, and the giant
magnetostrictive alloy FessGaiz, with diameters up to several tens of microns were produced by
spark erosion, using liquid nitrogen as the dielectric liquid. In contrast, the particles were primarily
solid when the dielectric liquid was argon. The wall thickness of the hollow particles depends on
the elemental composition. 107
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NiggMn Ga,

Figure 5.3-1 Examples of hollow and solid spark eroded particles. Left side: SEM micrographs of
mechanically polished cross sections of as prepared particles of Ni, CosoFeso, FegsGaiz, and
NissMn3oGaz1 spark eroded in liquid argon (upper) and liquid nitrogen (lower).Error! Bookmark not
defined. Right side: SEM micrographs of hollow and solid Ni particles. 109

6.Combined Energy Harvesting Techniques
6.1 Overview
The combination of a couple or more types of energy transfer is becoming increasingly important.

Combinations involving magnetostrictive materials were discussed above in Section 5. Table 1 is
comparison of combination energy harvesting techniques from Wang and Yuan.”!
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Table 1. Summery of the comparison of the different vibrational types of harvesting mechanisms.

Type Advantages Disadvantages
Electromagnetic - no need of smart material - bulky size: magnets and pick-up coil
- no external voltage source - difficult to integrate with MEMS
- max. voltage of 0.1 V
Electrostatic - no need of smart material - external voltage (or charge) source
- compatible with MEMS - mechanical constraints needed
- voltages of 2-10 V - capacitive
Piezoelectric - no external voltage source - depolarization
- high voltages of 2-10 V - brittleness in bulk piezolayer
- compact configuration - poor coupling in piezo-film (PVDF)
- compatible with MEMS - charge leakage
- high coupling in single crystals - high output impedance
Magnetostrictive - ultra-high coupling coefficient >0.9 - nonlinear effect

- no depolarization problem
- high flexibility
- suited to high frequency vibration

- pick-up coil
- may need bias magnets
- difficult to integrate with MEMS

6.2 Nanodevices

Wang et al.#5 have demonstrated an organic/inorganic hybrid energy-harvesting platform,
based on nanostructured piezolelectric arrays embedded in an environmental-responsive polymer
matrix, which can self-generate electrical power by scavenging energy from the environment. The
device layout takes advantage of the collective stretching motion of piezoelectric ZnO NWs,
induced by the shape change of the matrix polymer, to convert the thermal energy into direct
current with output power densities of 20 nW/cm? at a heating temperature of 65 °C. The device
relies on the response of a polymeric film to drive the piezoelectric induced by external forces, but
rather caused by the shape change in the polymer matrix as it responds to external stimuli. With
this hybrid approach, the NWs are near uniformly distributed inside the polymer matrix and can
deform collectively under stimulation, thus each individual piezoelectric transducer can contribute
power to the device. A schematic of the nanoconverter (NC) is shown in Figure 6.2-1a. The
scanning electron microscopy (SEM) image of the as-grown ZnO NWs (Figure 1b) shows the
nanowire diameters ranging from 60-120 nm, lengths between 7-10 pm, and an areal density of
30/um2. A typical SEM image of the exposed NW tips (0.5 pm long) is shown in Figure 6.2-1c.
Figure 6.2-1d displays a characteristic I-V curve of a fabricated NC array that shows the current
rectification behavior of the device and a turn on voltage of ~400 mV.
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Figure 6.2-1 Design and fabrication of a ZnO-PVC polymer hybrid energy nanoconverter (NC).
(a) schematic of an NC device. (b) top-view SEM image of the as-grown ZnO NWs on sapphire.
The density of the NWs is about 30 um2. Inset: 300 tilt view of the vertically aligned ZnO NWs. (c)
A SEM image of the nanowire array after infiltrating with the PVD polymer and oxygen plasma
etching. About 50 % of the NWs are exposed after plasma etching. (d) A characteristic I-V plot of
an NC device showing rectification behavior and a turn-on voltage of ~ 400 mV. Wang et al.#5

To get a better understanding of the thermal gradient across the polymer film, Wang et al.#5
measured the temperature at the top of the polymer surface and the top of the ZnO thin film, as
shown in Figure 6.2-2. To differentiate the thermoelectric from the piezoelectric potential, the
device was to about 42 °C. As illustrated in Figure 4b, the isothermally heated NC device produced
an output potential that was about 0.4 mV less than the potential produced with a similar device
heated from the backside only (Figure 2c). Comparing the output performance of the isothermally
and bottom-heated devices suggests that over 94% of the electric potential generated comes from
the piezoelectric contributions.'10
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Figure 6.2-2 Thermoelectric contribution in an NC device. (a) Temperatures measured at the top
and bottom of the polymer. The temperature was recorded after heating the device for 1 min. the
estimated heating rate of the device is 0.23 °C/s. (b) The voltage generated from an isotropically
heated 42 °C NC device. The maximum voltage is ~0.4 mV lower than a device heated from the
bottom.45

6.3 Vibration Energy Transfer

Mechanical vibration energy which can be harvested with resonant mechanical structures
excited by the vibrations is discussed by Jean-Mistral et al.®. This scavenged energy is then
transformed into electricity by piezoelectric materials. They used thin piezoelectric layers deposited
on the resonant structure. Dielectric polymers are passive materials. The electrical energy
produced during a cycle is basically a variation of the energy stored inside a deformable capacity.
An energy cycle is composed of four phases: stretch, charge, active phase and discharge. The
polymer is stretched (phase A to B) then polarized (phase B to C) thus storing a given input energy
(point C). To increase this stored energy, the capacity of the structure is altered by mechanical
deformation (phase C to D): this is the active phase. For instance, for a cycle at constant charge Q
the capacity decreases while the voltage rises (Q = CV) thus increasing the stored energy. Finally,
all charges are removed from the structure and the material can return to its initial dimensions
(phase D to A). The final electrical energy is the input energy, augmented by the electrical energy
effectively produced by the process described. Figure 6.3-1 shows that through configuration of
dielectric polymers, an energy cycle can be established.
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Figure 6.3-1, energy cycle for a dielectric polymer. Jean-Mistral et al.%

Jean-Mistral et al.86 discuss an example as shown in Figure 6.3-2 where the VHB 4910
polymer can be used for energy conversion. This structure scavenges 0.1 mJ at 260 V for a cycle
at constant voltage V, and 0.1 mJ at 170 V for a cycle at constant charge Q.
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Figure 6.3-2, Energy scavenger using VHB 4910 polymer from 3M. Jean-Mistral et al.%

Cantilevers in multilayer thin film architectures have been reported by Vasta et al.%. Figure
6.3-3 shows an example of the device made of lead-free piezoelectric materials. The three
architectures are: SrRuO3/BaTiO3/MgO/SrTiO3/YBa2Cu307, SrRuO3/BaTiOs/SrRuOs/ YBa2Cu307
and SrRuO3/ BaTiO3/SrRu03/ SrTiOs/ YBa2Cu30ys. It is shown that the different architectures allow
a choice of the orientation of the polar axis in piezoelectric layers, in plane (d33 mode) or out of
plane (d31 mode). The residual stress after the release of the cantilevers produces an upward
bending, the distance between the cantilever tips and the substrate varies between 20 pm and 45
pm. This distance would allow the sufficient vibration amplitude to enable the cantilevers to be
used as micro-generators.
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Figure 6.3-3, (a) BaTiO3 (120nm)/MgO(50nm)/ SrRuO3 (500nm), 170 um long u-shape
cantilever grown on 400 nm YBa2Cu3Os. (b) BaTiO3 (120nm)/SrTiO3(500nm), 300 um long u-
shape cantilever grown on 400 nm YBa>Cu3O7. The YBaxCu307 layer in this case was removed by
wet etching, rather than ion-beam milling, which has produced a much less well defined cantilever
compared with ion milling. (c), SURUO3(50nm)/ BaTiO3(100nm)/SrRu03(350nm) 128 um long u-
shape cantilever grown on 400 nm YBa2Cu30Oy. Vasta et al.%

6.4 Solar Thermoelectric

Recent advances in solar thermalelectric power generation are discussed by Deng and
Liu."" They pointed out that direct solar thermal power generation technologies, such as
thermoelectric, thermionic, magneto- hydrodynamic, and alkali-metal thermoelectric methods, are
attractive methods to provide electric energy from solar heat. Figure 6.4-1 shows a schematic of
one possible configuration. Muto and Chen report using a solar thermoelectric topping cycle to
increase the overall efficiency. This analysis is a one-dimensional, steady state model of the heat
and work transfer, and is discussed further in Section 7.4d. Parabolic trough concentrators have
been found to be economical and reliable but their efficiency is limited by the maximum
temperature of the heated fluid. The solar thermal trough collector is not a good application for a
ZT=1 thermoelectric material. To increase the overall power output of the system by approximately
10% would require a ZT=3 material.5’

Solar radiation ;
| Lens

Housing

Water circulation
system

Figure 6.4-1 Separated structure combining PV and thermoelectric conversion. Deng and Liu'"1,
originally from Hecht.!'2
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7. Modeling of Energy-Harvesting Devices and Materials
7.1 Overview

Various models have been developed to predict maximum energy. A study on a dielectric
elastomer generator (DEG) reported that the maximum amount of energy to be harvested was
constrained by various modes of failure and operational limits.!?3 Known limiting mechanisms
include electrical breakdown, electromechanical instability, loss of tension and rupture by stretch.
These limits define a cycle where maximum energy can be harvested. The cycle was represented
on work-conjugate planes, which can be used as a guide for the design of practical cycles. The
amount of energy harvested is larger when a DEG is subject to equal-biaxial stretching. In this
section we discuss not only the modeling of energy harvesting devices, but the properties of the
materials involved as well.

7.2 Band Structure

Density Functional Theory (DFT) has been used to study electronic properties in energy
harvesting materials. Aguilera et al.% discuss intermediate-band material based on thiospinel
semiconductor MgIn,Ss.  This material is proposed as high efficiency photovoltaic material for
intermediate-band solar cells. Figure 7.2-1 compares the charge density of spin-up and spin-down.
This figure shows that the spin polarization appears around the inserted transition metal.%8
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Figure 7.2-1, Electronic-charge density of (a) MgIn2S4 and (b) difference between spin-up
and spin-down density for the V-substituted alloy. Aguilera et al.%8

7.3 Modeling Charge Transfer

lonic thermoelectric phenomenons have been simulated based on the consideration of
Grotthuss, hopping mechanism for the proton conductivity.3® The Grotthuss mechanism is the
protonhopping-mechanism where each oxygen atom simultaneously passes and receives a single
hydrogen atom. Due to interaction with the wall of a pore, localized water molecules create deeper
traps for protons than those in the bulk water. Figure 7.3-1 illustrates the mechanism of ionic
diffusion.4
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Figure 7.3-1, A simplified picture of structure and proton transfer in Nafion (a) in fully hydrated

state, and (b) electrical analog of the proton transport in Nafion. Reznikov?2, originally form Choi et
al .14

7.4 Modeling Thermelectric Properties
7.4a Modeling Thermoelectric Efficiency

Yazawa and Shakuri3® have developed generic model of a thermoelectric power
generation system which is based on cooptimizing the thermoelectric module together with the
heat sink. Using this model, efficiency at maximum output power is calculated and is shown to
approaches the Curzon-Ahlborn (also know as the Chambadal-Novikov-Curzon-Ahlborn) efficiency
limit at very large Z values. Approaching this limit is consistent for thermodynamic systems with
irreversible heat engines, and is a lower limit than found for a Carnot cycle in a reversible heat
engine. Figure 7.3-2 shows the efficiency at the max at high ZTs.
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Figure 7.4a-1 Efficiency at maximum output power as Z approaches infinity, for symmetric and
asymmetric thermal resistance. Curves for ZT=1 and 3 are shown as well. Yazawa and Shakuri3t

Fig. 7.4a-2 shows the normalized power output and heat flux from the hot reservoir as a
function of the thermal resistance ratio. The maximum output is reached when the system is
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symmetric at high ZT’s. The maximum output is found when the system is symmetric at very high
ZT's. In practice when ZT<5, the maximum output power is obtained when the cold side thermal
resistance is much smaller than the hot side. This has implications on the design of energy

harvesting systems systems since it implies a compromise between the heat sink and optimizing
the thermoelectric module.36
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Figure 7.4a-2, Relative power output heat flow as a function of the thermal resistance ratio for
different ZT values. Yazawa and Shakuri36

7.4b Modeling Thermoelectric Generators

Freunek et al."5 describe an analytical physical model for thermoelectric generators
(TEGs). The model includes the Thomson effect, the Peltier heat, a parameterization of the Joule
heat, as well as all thermal and electrical resistances. Figure 7.4b-1 shows basic physical effects

taking place in a TEG. Figure 7.4b-2 demonstrates the necessity of taking into account the Peltier
effect for the output power.

4 QCK: K:

T
Figure 7.4b-1, Thermoelectric generator. 1, thermal resistance of wafer and the contact to the heat

source; 2, conducting strip; 3, thermo legs; 4, thermal resistance of wafer and cooler; and the
contact to the heat sink. Freunek et al.5
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Figure 7.4b-2, comparison of the simplified model with the first-level model, revealing the influence
of the Peltier effect on the output power. Freunek et al''5

7.4c Modeling ZT

A number of groups have calculated the thermoelectric figure of merit using the first-
principles density-functional theory.'6 117 118 Demchenko et al."'” discuss using a nearly
parameter-free theory of the thermoelectric properties of semiconductor nanowires, combining
molecular dynamics, density functional theory, and Boltzmann transport theory methods to provide
a complete picture for the competing factors of thermoelectric figure of merit. For ZnO and Si
nanowires the figure of merit can be increased as much as 30 times in 8-A-diameter ZnO

nanowires and 20 times in 12-A-diameter Si nanowires, compared with the bulk as shown in Figure
7.4c-1.
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Figure 7.4c-1 ZT of 12 angstrom-diameter Si NW’s (red) and bulk Si (black). The dashed (red) line
is the ZT of the same Si NW calculated with bulk lattice thermal conductivity. The inset shows the
cross-section atomic configuration of the NW. The NW axis direction is [001]. The lattice
contributions of thermal conductivity of bulk Si and the NW, 254 and 2.8 W/Km, respectively, were
derived from MD calculations. Demchenko et al."7

7.4d Modeling Solar Thermoelectric Systems

Muto and Chend7 discuss the possibility of adding a thermoelectric power generator (TEG)
as a topping cycle at high temperature to increase the overall efficiency of a solar thermoelectric
system. The analysis considered a one-dimensional, steady state model of the heat and work
transfers, as shown in Figure 7.4d-1. As discussed in Section 6.4, the solar thermal trough
collector is not a good application for a ZT = 1 thermoelectric material.
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Figure 7.4d-1, Left, Schematic of the STET receiver with thermoelectric elements lining the bottom
perimeter where the highest intensity concentrated radiation is located. Right: a one-dimensional
steady state model of the work and heat transfers of the STET. Muto and Chen5’
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Oksanen and Tulkki " discuss a thermoelectric heat pump (THP) engine based on
photon assisted heat transfer between two large-area light emitting diodes coupled by the
electromagnetic field. The system is proposed to contain a semiconductor structure with a nearly
homogeneous refractive index. The THP allows heat transfer and electricity generation at the
Carnot efficiency, but there are various factors which will limit the efficiency. A numerical model to
account for the most important losses of the thermophotonic heat pump shows that the
thermophotonic heat pump has potential to outperform heat pumps based on the thermoelectric
effect, particularly for heat transfer across large temperature differences. A schematic picture of the
THP is shown in Figure 7.4d-2.
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Figure 7.4d-2. A schematic diagram of the heat transfer and structure of the thermophotonic heat
pumps. (a) The THP is made of two optically coupled large area (possibly a few cm?) light emitted
diodes at temperatures Tc and Tw placed one on the other and separated by a thin layer of
transparent thermally insulated material. (b) The energy band diagram of the thermophotonic heat
pump illustrates the energy transfer in the device. Electrons (dark circles) and holes (light circles)
injected by an external power supply transport electrical energy and heat energy absorbed from
phonons (short curly arrows). The photons are transported to the active region of the hot side,
where a part of their energy is transformed back to electrical energy. The rest is released as heat
(phonons). The darker — lighter color gradient describes the electron distribution in the structure;
dark color corresponds to filled electron states and light color to empty electron states. Note that
the band diagrams in (b) have been rotated by 900C with respect to (a) in real space for clarity. (c)
An example of a possible structure and materials for a THP. A hybrid mirror consists of a
combination of Bragg mirrors and an appropriate reflective coating. To scale up the cooling power
several THP structures can be integrated on the same semiconductor substrate. Oksanen and
Tulkki'®
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7.5 Modeling Nanostructures

Shelly and Mostafi'8 discuss the thermoelectric figure of merit, ZT for p-type Si nanowires
with axial Ge heterostructures using a combination of first-principles density-functional theory,
interatomic potentials, and Landauer-Buttiker transport theory. Other examples were included in
Section 7.4c. Example nanowire structures are shown in Figure 7.5-1. In all cases studied, a
decrease of the thermoelectric power factor is observed when a heterostructure is introduced, and
any increase in the figure of merit ZT is due to a corresponding reduction in lattice thermal
conductivity. The dependence of these parameters on heterostructure length are shown in Figure
7.5-2.
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Figure 7.5-1, top: Cross-section of SiNWs. Labels indicate the crystal direction of the longitudinal
(z) axis (pointing into the page). Diameters (left-to-right): 0.78 nm, 1.02nm, 1.44nm, 1.14n, and
1.06nm. Middle: A single Ge heterostructure in a SINW (Ge and Si atoms in magenta and blue,
respective). Bottom: A multiple heterostructure nanowire (MHNW) with an arbitrary distribution of
Ge heterostructures. Shelly and Mostafi'18
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Figure 7.5-2, Dependence of k1 (top panel) and zTmax (bottom) at 300 K as a function fo Ge
heterostructure length for <110>, <111>, and <211> SiNWSs. Labeling is equivalent to previous
figure, plotting pristine SINWs as zero heterostructure length and pristine Ge NWs also shown on
the right. Shelley and Mostofi. 118

7.6 Modeling Mechanical Energy Harvesting

Computer simulations have been performed on energy transfer through a dielectric
elastomer generator (DEG)."3 It was reported that the maximum energy harvested from a DEG is
constrained by various failure modes and operational limits. Figure 7.6-1 shows the calculation of
in-plane stress and electric field using Neo-Hookean strain energy function. Results can be used to
avoid the electron breakdown, and estimate the elastic strain energy.
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Figure 7.6-1 Electromechanical energy conversion cycles defined in planes of work-conjugate
coordinates, bounded by various failure modes and operational limits for (a) Equal-biaxial stress
and (b) Uniaxial stress. Koh et al. 113

8. Nano-materials in Energy harvesting

There are many reports on using nano-particles or nano-structured materials to harvest
energy.2! 22 Throughout this review, many have been discussed previously. In this section, we will
discuss specifically from a nano-materials point of view a few examples which are being used in
energy harvesting research.

Carbon nanoparticles have been reported as a counter-electrode catalyst for tri-iodide
reduction. The counter carbon-electrode was deposited onto fluorine-doped tin oxide (FTO) by spin
coating from an aqueous colloidal suspension of the blend of carbon nanoparticles and TiO>
nanocrystals, as shown in Figure 8-1.50 The carbon nanoparticle based cells have achieved an
overall energy conversion efficiency of 5.55% under an illumination of 100 mW/cm?2.
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Side

Figure 8-1 a)Top view and b) cross-section SEM image of nano-crystalline TiO2 films. Joshi et
al.%o0

Hybrid piezoelectric composites have been discussed by Corral-Flores et al. as a
promising material for energy harvesting.8? The material was prepared by embedding barium
titanate nanofibers (BTO) into a matrix of polyvinylidene fluoride (PVDF). Figure 8-2 shows the
SEM image of such a material. As shown, the average diameter of fibers was in 105- 225 nm.

8-2. SEM micrographs of BTO nanofibers (a) before heat treatment and (b) sintered at 800 °C.
Corral-Flores et al.8?

Nanostructured thin film devices were reported for wind energy harvesting. Such device
was made of piezoelectric polymers, i.e. PVDF. The device generated 1 yW power (at 15 mph
wind) with a single layer of PVDF of 4 x 2" 50 Im in thickness, sandwiched between two thin gold
electrode films. By adding nanotubes, the mechanical properties were further improved, as shown
in Figure 8-3.9
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Figure 8-3 Comparison of CNT vs. metal as electrode materials in mechanical energy
conversions. On the left pane, Raman spectra show CNT in “self-clearing” areas (inset) with only
electronic structure changes (not composition and structure changes), while the gold thin film
electrodes on the PVDF in the right pane shows that typical metal fatigue with cracks at the micro
scales. Lake et al.%

9. Conclusion

Energy harvesting as a discipline continues to become increasingly important for applications
and ever more interesting scientifically. The goal of this review is to present an integrated view
which should be of interest to a wide variety of both senior researchers and graduate students
working in the field. One important aspect of energy harvesting is its sustainability from a critical
materials perspective, as research success transitions into widespread practical applications.
Figure 9-1 from the paper of Vaqueiro and Anthony Powell” makes the point that the development
of high-performance thermoelectric materials should incorporate the more abundant elements such
as first-row transition series elements in order to provide a long term option for wide-scale
implementation of thermoelectric technology. The larger point is that this philosophy applies to all
of the energy harvesting technologies that have been reviewed here.

54



I'a R
\\ R | (ll Ae
U Rn

Re .~ FdAgcd i Sn

Os
s Pt A
/\ll“g I /

Figure 9-1. Relative abundance of the principal elements in the earth’s crust, presented using a
logarithmic scale. Vaqueiro and Powell.”
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